1998 was a very warm year for Canada and the High Arctic was no exception. A typical area was Resolute, Cornwallis Island, Nunavut, where the thaw season was extended and the thawing degree-days were larger than normal. The warm summer was accompanied by early spring melt and low rainfall. This study documents the thermo-hydrological responses including warming of the top soil, deepening of the active layer, alteration of the evaporation pattern, adjustment of the water table positions and runoff. The presence of semi-permanent snowbanks and patchy wetlands buffer some local sites from the warm and dry summer conditions. This and other studies show that the cryospheric and hydrologic systems may or may not recover quickly from the year to year variations in the climate, depending on how readily the storages (snow, ice and basin moisture) can be replenished. In view of the cumulative effects of storage depletion under climatic warming, short-term studies on thermo-hydrological behaviour in the Arctic provide a useful but insufficient analogue to capture the climatic change impacts.
Introduction
Climatic variability can cause large year to year variations in permafrost hydrological conditions which respond to changes in both the energy and water fluxes. Water supply controls the water balance while energy supply drives the processes of snowmelt, evaporation and ground thaw which in turn affect the frost table position.
Thermo-hydrological responses to climatic variability is amplified in the High Arctic because of its low annual precipitation and a concentration of hydrological activities within its short summers so that any change in heat and moisture status in absolute terms often translates into large percentage variations in the hydrological elements. Additionally,,summer temperature averages only several degrees above 0°C and a slight rise or fall in temperature can switch between thawing and freezing conditions.
1998 was an exceptionally warm year for most of Canada and the Arctic Islands were also much warmer than normal. This study is part of a national effort to document the environmental responses to gain insight into some possible consequences of climatic change. Our investigation further compares the thermo-hydrological behaviour of an Arctic area with conditions during climatically less extreme years to place the observed phenomena in the context of climatic variability.
Study Area and Methods
Resolute, Cornwallis Island, Nunavut, Canada, is representative of a High Arctic coastal location with a polar desert climate (Woo and Young 1997) . It is underlain by continuous permafrost with an active layer thickness of about 0.75-1.0 m in clastic materials and under 0.5 m in wetland soils. The major land surfaces include gravels and loamy polar desert soils, and wetlands with a thin organic cover (usually about 0.2 m) consisting of peat and living plants.
In addition to a government weather station (74"41'N, 94"54'W), two meteorological towers were set up since 1996 over a gravel and a wetland site to measure radiation, air temperature, humidity, rainfall and wind speed during the summer field seasons. Instrumentation at these towers is given in Young and Woo (2000) . Thermocouples were imbedded in each site to measure soil temperatures at 0.02 and 0.05 m depths in 1997 and 1998. At the end of each winter (except 1998), an extensive survey of the snow on various terrain types in the Resolute area was conducted, following the methods described by Yang and Woo (1999) . Three wetland patches and their adjacent gravel zones were monitored for water and frost table positions and runoff during the summer (Fig. 1 ). They include a patchy wetland below a semi-permanent snowbank (Sl), the wetland S2 described by Young and Woo (2000) and a groundwater-fed wetland (S3) described by Woo and Steer (1982) . Methods used to measure soil moisture, the frost table and water table depths, and surface and subsurface flows are given in Young and Woo (2000) .
The main period of study is the summers of 1997 and 1998, but additional measurements have been made in other years. The measured and derived hydrological data for the study period are used to reveal the thermo-hydrological contrasts due to climatic variability. Where necessary, information is supplemented from past studies carried out in the area. 
Thenno-hydrological Responses

Summer of 1998 in Resolute
The Resolute weather station has been providing temperature and precipitation records since 1948 that allow climatic variability to be examined (Fig. 2) . The first day of thaw, defined as the date when at least four consecutive days experience a mean temperature exceeding 0°C (Woo and Young 1997) The summer of 1998 in Resolute was also dry, with a June-August precipitation of 37 mm which is the second lowest on record; and a large number of dry days (70). In contrast, 1997 recorded a normal amount of June-August precipitation (71 mm vs. the median of 70 mm) and 61 dry days (median is 60 days). Thus, 1998 was particularly warm and dry while the previous summer was cool with normal summer precipitation. After the warm year, 1999 was less warm and had a similarly dry summer. The low autocorrelations in the thaw days (autocorrelation coefficient rl=0.08), thawing degree-days (rl=0.02), number of dry days in summer (rl=0.19) and summer precipitation (rl=0.21) indicate the lack of persistence in the time series of these variables. To show the variability of the temperature and precipitation on a finer scale, Fig. 3 plots their daily values for several water years (October to September 30) for 1995-1999, using measurements taken by the government weather station. It should be noted that winter snowfall is underestimated by the weather station data (Woo and Marsh 1978) and the magnitudes shown in the diagram are for comparative purposes only. 
Results
Snow Cover and Snowmelt
Ten-point snow surveys conducted by the government weather station at the end of winter provide an indication of the year to year variations in snow accumulation at the Resolute Airport (Fig. 4) . Both 1997 and 1998 (60 and 54 mm snow water equivalent) had below normal winter accumulation (median is 69 mm) but they are still above the lower quartile. If the weather station point observations are an indicator, the winter snowfall of 1997-98 was not exceptionally low compared with its adjacent winters. The 1998 snowmelt began before our field season started and unfortunately, we missed our snow survey for this year. On JD 169, a 15 km flight across southwestern Cornwallis Island enabled observation of the distribution of the residual snow cover. At 15-20 km from the coast, the land remained 15% snow covered but on the coastal lowlands, only 5% of the ground had snow. For comparison, on JD 174 in 1999,75- 95% of the ground retained a snow cover and even the coastal strip had 25% snow. At our meteorological towers, the snow was completely melted by JD 160 in 1998. In the other years, snowmelt along the coast did not finish until JD 190 (1997) and 180 (1999) so that the snow-free season was almost one month early in 1998, providing more time for ground thaw, ground ice melt and evaporation. The ablation of seasonal snow and a semi-permanent snowbank on a northwest-facing slope shows the year to year differences as well as the multi-year dependence of the snow accumulation-ablation relationship (Fig. 5 ). 1997 started with much snow on the slope and wetland and had a cool to cold August. During this summer, the percentage of semi-permanent snow coverage changed from 61 (JD 183) to 27% (JD 227). In the following summer, early melt reduced the snow cover to 30% by JD 169 and continued ablation left 10% on the slope by the end of the summer (JD 214).
The snowbank, once shrunk, was not built back to its 1997 extent in the subsequent winters. Thus, despite its cool summer (Mean July Air Temperature = 4.4"C), the 2000 snow coverage was similar to that of 1998 (see Fig. 3 ).
Ground Temperature, Ground Thaw and Ice Melt
The snow-free gravel soil warmed up quickly and temperature at 0.05 m was above 0°C when measurement started on JD 165 in 1998 (Fig. 6) . In 1997, this site remained snow covered until JD 180 and throughout the thaw season, the soil at 0.05 m was cooler than in 1998. A cold spell in early August 1997 even brought the ground temperature to 0°C.
Ground thaw at S1, S2 and S3, represented by their average frost table depths, depends on temperature, soil materials and ground ice conditions (Woo and Xia 1996) . Fig. 7 compares the average frost table positions in gravels and wetlands during 1997, 1998 and 2000 summers. In all cases, the thaw was deeper in gravels than under the organic soil but the warm summer of 1998 initiated earlier ground thaw by about 3 weeks, leading to deeper thaw (by 0.01 -0.02 m) in both materials at all three sites.
The frost table generally becomes more uneven towards the end of summer due to cumulative differential ground thaw. Fig. 8 shows the development of the frost table at S1 below a semi-permanent snowbank and at S2 which consists of a central wetland strip surrounded by gravels. The wetland zone has an organic layer of 0.01 -0.20 m that insulates the substrate, and a high ice content that consumes much latent heat for ice melt (Carey and Woo 1998) . They tend to have shallower thaw than the gravels. This was especially noticeable in the warm summer when deep thaw of the gravelly materials exaggerated their contrasts. The uneven subsurface topography of the frost table has been observed to influence the storage of supra-permafrost groundwater and the paths of subsurface flow (Woo et al. 198 1) . The descent of the frost table is often rapid when it is near the ground surface but slows down at depth, mainly due to the dampening of temperature wave propagation (Terzaghi 1952 Fig. 9 . Estimated daily ground ice melt in gravels and wetland soils, 1997 and 1998. in the layer that is thawed each day. . For the polar desert soils, ice content soils were taken from Carey and Woo (1998) . For the upper 0.10 m, 0.36 was used. From 0.5 to 0.1 1 m, 0.34 was used and below 0.5 m, 0.49 was applied. For the polar desert gravels, ground ice melt continued until the end of summer 1998 but was interrupted by the cold spell of August 1997. For the wetland soil, frost table descent was retarded in August of both years and ice melt became negligible. In total, the summer of 1998 yielded 229 mm of ground ice meltwater from the polar desert gravels and 198 mm from the wetland soils. The corresponding amounts for 1997 were 168 and 179 mm. Where the soil is very rich in ground ice, melting can lead to significant loss of soil volume. A palsa at S1 was subject to such melt degradation in 1998. Repeated survey of a small plot showed that the ground subsided by 0.13+0.07 m as a result of ice loss. It was further noted that once melted, it takes time to recover the ground ice lost. By 2001, the ground surface remained 0.55 m (lower than its pre-1998 level). Thus, continued monitoring of this palsa is required to determine its rate of recovery. Fig. 10 presents the daily evaporation at a wetland and a gravel site, calculated using the Priestley and Taylor (1972) method. The or value for the wetland was set to 1.26 by considering the water supply to be unlimited. For the gravel soil, the near-surface soil moisture content was approximately 8% when dry and 16% after rain, and a was adjusted according to moisture using the relationship given by Marsh et al. (1981) . Given that soil moisture is the limiting factor for the gravels, summer evaporation was slightly higher for 1997 which had more rain than the dry and warm 1998. For the wetland, however, the warmer 1998 summer caused much larger evaporation loss. For comparison, between JD 180 and 220, the total wetland evaporation was 67 mm for 1997 (this assumes no condensation) and 104 mm for 1998. If the entire 1998 evaporation season is considered (starting from JD 165), the total would reach 145 mm.
Evaporation
Water Table and Runoff
The frequency distributions of the S1, S2 and S3 water tables at various depths are show in Fig. 1 1 . The wetlands generally have a high water table at or near the ground surface while the water table in the gravels is often below ground and may even be dry. The water table depths in 1998 for S2 and S3 were generally lower than in 1997 and this may be attributed to lower rainfall and greater evaporation loss from the wetlands. For S1, however, the warmer 1998 summer led to larger melting of the semi-permanent snowbank upslope and the water table was often maintained at a higher elevation than in 1997. Thus, a warm summer can produce opposites on the water table, depending on the availability of water source. Outflow from the study sites was similarly affected. S1 outflow increased in 1998 compared with 1997 (Fig. 12) because a prolonged period of intense melting of the semi-permanent snowbank that released more water to the lower slope. In contrast, S3 which depends,solely on groundwater discharge after the melt season did not yield any summer runoff in 1998 and this was different from the other cooler years when .some outflow could be measured (e.g. Woo and Steer 1982, Woo and Xia 1995) . Runoff from S2 is dominated by groundwater inflow from its southern sector which is connected to the melting snowbank on the slope above S1. Thus, its discharge pattern in both 1997 and 1998 followed the temperature fluctuations, with pronounced diurnal cycles and rhythms of high and low flows corresponding to the warm and cool spells during the summer (cf. Fig. 3) . Unlike S3 which rely solely on rainfall and local groundwater for its summer flows, S2 was buffered from the dry summer of 1998 by the snowmelt and wetlands around S 1. Increase in groundwater inflow in 1998 at S2 was also possibly an indication of enhanced ground ice melt. On the other hand, even though groundwater inflow was larger than in 1997, higher wetland evaporation led to 8 general decline in the 1998 summer outflow.
Discussion and Conclusions
Results from this study demonstrate the dual controls of energy and water on permafrost hydrology in a polar-desert environment. A warm year heralds an early arrival of the melt season and unless there is a large winter snow accumulation, the polar desert may become snow-free several weeks ahead of the normal years. With the loss of a snow cover, the radiation balance will switch to large gains to accelerate such thermo-hydrological activities as evaporation and ground thaw. An exceptionally warm summer such as that of 1998 further intensifies these processes. The thermo-hydrological responses of the cryospheric environment to the warm year were documented, with the following implications. 1) A warm summer translates into higher ground temperatures than normal and a deepening of the permafrost table. This thaws the zone immediately below the former permafrost table where there is often a concentration of chemicals and ground ice (Cheng and Chamberlain 1988; Kay and Groenevelt 1988) . The release of meltwater from ground ice has been noted to sustain groundwater flow and plant growth in the warm, dry years (Edlund et al. 1990) . 2) Where moisture is unlimited such as in wetlands, evaporation increases in a warm year due to large energy supply. However, in a dry summer, some soils such as gravels will have such low moisture content as to inhibit evaporation. 3) Water table generally resides at lower levels during a warm year; due to a deeper frost table than usual and possibly also a reduction in water supply. This is accompanied by a decrease in surface and subsurface flows. Previous studies (Woo 1983) further found that streamflow was reduced in a warm dry year, such as in the nearby McMaster River during 1977. 4) Where water supply is not restricted, such as the presence of a semi-permanent snowbank or a glacier, a warm summer can extend the melt season and intensify melt to add more water to the zones below, as was evidenced by the S 1 wetland.
The recovery of the cryospheric and hydrologic systems may or may not be immediate when the warm dry year is past. 1) n o years after 1998, the active layer remained as thick as it was. It appears that the recovery to shallower thaw depends on the warmth of the subsequent years as well as the re-constitution of the ground ice content, which depends on the soil being wet at the time of the freeze-up. 2) Large depletion of a semi-permanent snowbank during the warm summer was not recovered for several years since there was no unusual winter snow accumulation to replenish the loss of 1998. Ground ice melted from the palsa also would take years to be re-established to its pre-1998 level, if at all. Repeated surveys of the palsa will be carried out in future years to document this. 3) Streamflow may or may not show a lag, as is shown by examples from past studies. McMaster River (Woo 1983 ) yielded low discharges in the extremely dry and warm 1977 summer but its flow increased in the following year in response to the cool and wet conditions. In contrast, Hot Weather Creek, located in a polar oasis environment of the Fosheim Peninsula, Ellesmere Island, yielded low runoff in the 1990 summer and even though 1991 was wetter, streamflow remained low throughout the thaw season (Woo and Young 1997) . Their difference may be related to the degree to which their basin storage is recharged after the occurrence of the dry years. 4) Previous water balance studies revealed that there are year to year changes in basin storage. For the McMaster River, 1977 depleted 37 mm of basin storage (observations indicated the loss of semi-permanent snowbanks and net reductions in soil moisture content). However, basin storage gained by 23 mm by the end of summer 1978 (Woo 1983) . For Hot Weather Creek, the 1990 water balance produced a storage change of -3 mm and in the following year, storage change became +28 mm (Woo and Young 1997) .
Findings from this and other studies point to the responsiveness of the High Arctic hydrological system to climatic variability. However, these responses may be buffered by storages. Thus, in a warm dry summer, late-lying snowbanks can supply water to support the runoff and evaporation demands. Delays in the cyrospheric system response can cause the thermo-hydrological behaviour to lag behind variations in the climate. Hence, extreme years should not be studied in isolation due to the lags and cumulative effects. Thermo-hydrological activities in permafrost areas should be observed over a period of several years to understand their responses to and recovery from the climatic variability impacts. While the cryospheric system can recover from short-term effects of the climate, a long-term warming or drying trend can deplete the snow and ice storage, desiccate the patchy wetlands and deepen the permafrost table, thereby depriving the polar desert of its alternative water sources. In this regard, climatic variability is insufficient as an analogue to study the effects of climatic warming on the High Arctic environment.
